Abstract & Context Reliable information on tree stem diameter variation at local spatial scales and on the factors controlling it could potentially lead to improved biomass estimation over pine plantations. & Aims This study addressed the relationship between local topography and tree diameter at breast height (DBH) within two even-aged radiata pine plantation sites in New South Wales, Australia. & Methods A total of 85 plots were established, and 1,302 trees were sampled from the two sites. Airborne light detection and ranging (LiDAR) was used to derive slope and aspect and to link them to each individual tree. & Results The results showed a significant relationship between DBH and local topography factors. At both sites, trees on slopes below 20°and on southerly aspects displayed significantly larger DBHs than trees on steeper slopes and northerly aspects. Older trees with similar heights also exhibited a significant relationship between DBH and aspect factor, where greater DBHs were found on southerly aspects. & Conclusions The observed correlation between tree DBH and LiDAR-derived slope and aspect could contribute to the development of improved biomass estimation approaches in pine plantations. These topographical variables are easily attained with airborne LiDAR, and they could potentially improve DBH predictions in resource inventories (e.g. stand volume or biomass) and support field sampling design.
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Introduction
There are increasing demands on softwood plantation owners for improved estimates of standing timber and carbon inventories as well as continued pressure to develop more cost-effective resource assessment methodologies. Accounting for stand variability within plantation compartments will improve the accuracy of volume and biomass estimates. There is also strong motivation to improve sampling design efficiencies, thereby minimising the number of labour-intensive, measured plots while maximising predictive performance. One approach to achieving these aims is the identification of measurable, environmental factors that are well correlated to the stand variables of interest. Use of these auxiliary variables will improve efficiencies in both sampling design (e.g. through stratification) and estimation (e.g. through the use as covariates in the postulated model) (Hawbaker et al. 2009; Junttila et al. 2013; Maltamo et al. 2011) . The aim of stratified estimation is to aggregate observations of the response variable into groups or strata that are more homogeneous than the population as a whole.
Traditionally, stem diameter at breast height (DBH) has been a widely used variable in volume and biomass allometric equations (e.g. Jenkins et al. 2003; Moore 2010) due to its relative ease of measurement in plots. For example, hundreds of different equations have been identified for estimating aboveground biomass but are usually applied on a species-and site-specific basis because of the influence of environmental conditions such as elevation, topography and soil factors on tree structure and growth. Specifically, a number of studies have noted the importance of spatial variation in local climatic and soil properties on the growth of radiata pine (Pinus radiata. D. Don) (e.g. Álvarez et al. 2013; Snowdon et al. 1998) . Álvarez et al. (2013) concluded that the inclusion of some environmental variables such as water balance index (which takes into account variables such as precipitation, soil water content and transpiration) into Chilean P. radiata growth and yield models should improve the performance of local yield models. However, these soil properties can be difficult to characterise and map accurately, while the climatic variables are mapped at a relatively coarse spatial resolution (>250 m). In addition, Turner et al. (2001) stated that at the broader scale, climatic and elevation variables are the most significant, but at a smaller scale, soils and topographical factors are of greater significance.
Interest continues to develop amongst Australia and plantation growers, and elsewhere, in identifying the benefits of integrating data acquired from airborne light detection and ranging (ALS or LiDAR) into their planning and operational systems, in particular in operational forest inventory applications (Schröder et al. 1998; White et al. 2013) . LiDAR systems are active remote sensing devices that measure the time of travel needed for a pulse of laser energy sent from the airborne system to reach the ground and reflect back to the sensor. The time measurement is converted into a distance measurement that is used to derive a precise, high-spatial resolution, three-dimensional characterization of reflecting surfaces including the ground and forest vegetation (Popescu 2007) . Several free and easy to use software packages are now available that efficiently process the LiDAR point data and produce a series of spatial products including accurate digital elevation models (DEMs) and canopy height model (CHM) (e.g. LAStools 2014; McGaughey 2013). The DEMs derived from LiDAR have become a readily available source of digital terrain information including high-spatial resolution maps of slope and aspect. These software packages can generate a wide range of LiDAR height and density metrics which can be used with co-located ground measures data to build predictive models of forest attributes (e.g. White et al. 2013) .
Also, the resolution of the LiDAR point data is such that it is also possible to identify individual trees in the imagery. These LiDAR-derived products and software tools therefore present an efficient means of investigating the influence of topography on stem DBH at the intra-compartment scale.
The purpose of this study was to determine whether DBH of radiata pine trees within even-aged compartments, with relatively homogeneous environmental factors, showed a relationship with LiDAR-derived slope and aspect. The null hypotheses for this study were that slope and aspect had no effect on DBH variations. Taller trees naturally tend to have larger DBHs (Silvergieter and Lank 2011; Vanclay 2009 ); hence, there is a direct relationship between height and DBH. Consequently, to exclude height as an influencing factor, in the second section of this study, the effect of topography on DBHs of similar height trees was examined.
Methods

Study area
This study was carried out in two even-aged stands of radiata pine plantations in the Hanging Rock State Forest, near the town of Nundle in the northern tablelands of New South Wales (NSW), Australia (Fig. 1) . The Hanging Rock State Forest is located in an undulating plateau and has a hilly topography with a mean elevation of 1,090 m. The average annual rainfall is approximately 1,050 mm. The mean elevation and annual rainfall estimates were obtained by the BIOCLIM variables derived using ANUCLIM 6.1 software (Xu and Hutchinson 2011) . The fertile Tertiary basalt soils on the plateau are rich in nutrients (Ryan and Holmes 1986) . Two sites were selected for this study: (1) a 34-year-old-age class established in 1977 and (2) a 9-year-old-age class planted in 2002. The initial stocking rate in the 1977 and 2002 sites were approximately 1,300 and 1,000 stems per hectare, respectively, and no silvicultural thinning events were undertaken at the sites; however, due to the patchy establishment, it has resulted in irregular stem density in trees in recent years ( Table 1) Prior to the establishment of the 1977 site, the original native trees were harvested (in accordance with the codes of practice in place at that time) and the remaining vegetation and woody debris were pushed into windrows and later burnt. Cultivation consisted of deep rippling, with the riplines following the contour lines as close as possible and seeds were then planted at a stocking of approximately 1,300 stems per hectare. Three months before planting, there was a single broadcast application of a broadspectrum herbicide mixture (glyphosate and metsulfuron) which was applied at a rate according to the registered label instructions for the control of grasses, broad-leaf and wood weeds. In the 2002 site, the first rotation trees were harvested and the remaining slash and vegetation were windrowed and burnt; following the harvesting, the site was left fallow for 12 months before ripping and planting the site at a stocking of 1,000 stems per hectare. Similar to the 1977 site, a single herbicide application was applied (not broadcast) along the ripped planting lines before planting. A post-plant herbicide was not applied to either stands. The main weedy vegetation types in the younger stand were native grasses and blackberries (Rubus fructicosus), and the most common weedy vegetation types in the older site were small wattle (Acacia spp.) trees. Originally for the 1977 stand, no fertiliser was applied at the time of planting and after establishment; however, after 1991, the forestry agency started to apply 50 g of monoammonium phosphate (MAP) with each seedling at planting. a The MDH of the trees was calculated using spatial stratification and dividing each plot into four smaller areas (subplots) within which the highest LiDAR return point was found. These heights are then averaged to obtain a stratified dominant height estimate (Naesset 1997) 2.2 Field survey data
The ground survey plots used in this study were initially established for another study by the New South Wales Department of Primary Industries and the Forestry Corporation NSW (FCNSW). These plots were primarily stratified using focal-based stand level metrics extracted from a LiDARderived CHM with 1 m pixel resolution. The CHM is generated by subtracting the elevation of the interpolated ground surface (DEM) from the elevation of the upper canopy surface (sometimes referred to as a digital surface model or DSM). Metrics which were used for the stratification included the mean dominant height (MDH), which was based on the mean height of pixels extracted via a 5×5 m local maxima search, and the stocking rate. In total, 55 plots in the 1977 site and 53 plots in the 2002 site were established. However, as the main aim of the study was DBH and topographical analysis, only those plots and trees within the plots boundary in the field that could be accurately identified and matched within the LiDAR data were selected. As a result, a total of 42 and 43 plots were selected in the 1977 and 2002 sites, respectively. The plot sizes ranged from a radius of 11.28 to 19.96 m in the 1977 site and from 7.98 to 17.84 m radius in the 2002 site, depending on the density of trees. These circular plots not only represented the different vegetation structures but also covered a range of topographical variation. In the 1977 site, half of the plots were located on south-facing aspects (90°-270°) and the other half on north-facing aspects (270°-90°). The same was true for the 2002 site, where 22 plots were located on north-facing aspects and 21 plots on south-facing aspects. The distribution of these plots, based on slope parameters, is available in Table 2 , indicating substantial variation in topography distribution at both sites.
The DBHs of all the trees in each plot were measured with a diameter tape; overall, 673 trees in the 1977 site and 629 trees in the 2002 site were measured. Additionally, in each plot, an average subset of five to six trees were selected, and their heights were measured with a digital hypsometer (Haglöf Vertex IV Hypsometer, Sweden), with the average of three readings being recorded. Plot locations were provided as GPS waypoints and also manually confirmed in the field by interpretation of LiDAR height imagery. Two GPS units were used for this study, the ScoutPak GPS system (Juniper Systems and OnPOZ Precision Positioning, Logan, Utah, USA) and the Garmin Oregon ® 550 (Garmin International). Table 1 summarises the field data collected at each study site.
LiDAR data
Airborne LiDAR survey of the Hanging Rock State Forest was acquired in June 2011 using a Trimble Harrier 68i system mounted on a Cessna U206G airplane. The reference coordinate system used in this study was the Map Grid of Australia (MGA) with the Geocentric Datum of Australia (GDA94) in the Universal Transverse Mercator (UTM) Zone 56 projection. The LiDAR specifications are summarised in Table 3 . The LiDAR points were captured, processed, geo-referenced and classified by Terranean Mapping Technologies Pty Ltd into ground and non-ground categories using MARSÒ software (Merrick and Company).
Data preparation and analysis
The extraction and processing of topographic parameters from LiDAR were conducted using FUSION software and LDV visualising system, created by the US Forest Service interpolation. Kraus and Pfeifer (1998) have described the algorithm used to generate the bare earth surface. Several topographic layers, such as slope, aspect and hillshade, were produced from these bare earth DEMs in GIS software (ArcGIS 10, ESRI). For topographical variables, three slope classes including class 1 (0°-10°), class 2 (10°-20°) and class 3 (>20°) and two aspect classes, specifically northerly (sites with aspects between 270°and 90°including) and southerly aspects (sites with aspects between 90°and 270°), were categorised. The topographical variables were then extracted at plot level. The plots and the trees within the plots that could be located in LiDAR (with the aid of GPS locations, hardcopy maps and canopy gaps) were then matched to the topographical variables using ArcGIS software, and the relationships between tree DBH in each plot and topography variables were examined. To facilitate the process, FU-SION "plot mode" was used, which defines a buffer around the plot centre coordinates and includes all the trees from the buffer in a data subset, based on each plot radius (m).
Mixed linear models
Mixed linear models were used to determine whether slope and aspect had a significant influence on DBH. The mixed linear models associated one continuous dependent variable with several explanatory variables. These models contain both fixed and random effects parameters and estimate the variance components (between and within) simultaneously and in a more efficient way (Burton et al. 1998 ) than fixed effect models. The mixed model was fitted using the residual maximum likelihood (REML) method. Plot number was fitted as a random factor, while slope and aspect were included as fixed effects in the model. The R package Asreml-R, which is implemented in the R statistical software package (R Development Core Team 2011), was used for the analysis (version 3.0.1). The error distribution was assumed to be Gaussian. Statistical significance for fixed effects was obtained using the Wald statistic. Statistical significance for random effects was obtained by comparing twice the change in log likelihood, which occurs when the random effect is fitted, to a chi-square variate on k degrees of freedom where k is the number of additional random parameters. The residual values from the models were inspected to confirm that the assumptions of normality and constant variance were satisfied. Elevation was initially included at both sites; however, since the range is less than ±100 m, it showed no significant relationships and was therefore excluded from the model.
The DBH comparison within height classes
The effect of topographic variables on DBH was examined within different height classes. As mentioned previously, five to six trees were selected from each plot and their heights were measured in the field. With the help of two GPS (horizontal accuracy of around ±5 m), crown interpretation and canopy gap arrangements of these trees were located and matched to the LiDAR data. Only those trees in the field that were accurately identified in the LiDAR data were selected, and their topographical attributes were identified. Where there was doubt, features were not matched. Detecting and distinguishing the competing vegetation was not an issue in the detection process of radiata pine trees with LiDAR. As mentioned previously, the most common weed in the 1977 site were small wattle trees, and since their heights were less than half the height of the mature radiata pine trees, the pine trees were easily detected. Also in the 2002 site, the height of the main weedy vegetation (blackberries and native grasses) rarely exceeded 1.5 m, which made the radiata pine to be distinguished easily. A total of 193 trees in the 1977 site and 254 trees in the 2002 site were identified. Different metrics including height (the difference between local maxima and local minima), coordinate system and elevation were recorded for each individual tree in LDV using the LiDAR point cloud. The LiDAR extracted tree heights were compared with the measured field heights, and the results showed a high correlation between the heights at both study sites (R 2 =0.90 and RMSE=0.66 for 2002 and R 2 =0.87 and RMSE=1.49 for 1977 sites). Based on these results, LiDAR heights were used for the DBH comparison performance.
From the LAS ground point cloud data, high-resolution DEMs were created for each study site, 1 m resolution for the 1977 site and 0.5 m for the 2002 site. The GIS-derived layers were used to allocate a slope and aspect class to each individual tree. Based on the trees aspect position, trees were first categorised into two groups (north and south). Table 4 provides the tree classification based on the aspect classes in both study sites. Trees in each aspect group were then categorised into height subclasses. For the younger stand, trees were allocated into eight height classes based on a 0.5 m interval, while trees in the older stand were divided into nine height classes based on a 1 m interval. The mean DBHs of trees within each height subclass in both northern and southern aspects were compared to verify whether aspect had an influence on the DBH of trees with similar heights.
For slope classification, a similar approach was undertaken; the trees at both sites were categorised into two groups: less than 20°and greater than 20° (Table 4) . Since fewer trees were found in slope categories between 10°and 20°, they were included in the 0°-10°slope category. Here again, the mean DBHs of the trees in the same height subclasses were calculated and compared. Mixed linear models were used again to assess the relationship between the DBH of these trees and height classes along with the topography factors. In the model, DBH was included as the dependant variable, plot number as a random effect and slope and aspect were included as fixed effects. The midpoints of each height class were included as a covariate. To smooth out some of the variation between height categories, height classes were also defined as a random factor. While the numbers of trees in each subclass were not the same, the overall sample size was deemed to be large enough so that the difference in sample sizes did not affect the results.
Results
Effect of slope and aspect on DBH
The 1977 site
Slope and aspect had a highly significant effect on DBH, while there was no interaction between the two factors (Table 5) .
The mean DBHs were larger on southerly aspects (Fig. 2a) . A comparison between the three slope classes showed significant differences in DBH between class 1 (<10°) and the other classes, with larger values in class 1 (55.1 cm) compared to classes 2 (48.7 cm) and 3 (45.2 cm).
The 2002 site
Similar to the 1977 trees, analysis of variance in the 2002 site showed that slope and aspect had a highly significant effect on DBH; however, the interaction between slope and aspect was not significant (Table 6 ).
The southerly aspect showed a higher DBH than the northerly aspect, and the differences were significant (Fig. 2b) . In slopes less than 10°, the mean DBH was estimated as 22.67 cm and showed a significant difference to the mean DBHs in slopes greater than 20°(19.52 cm). However, no significant differences were seen between slope classes 1 and 2 and slope classes 2 and 3.
Overall, the ANOVA results at both sites showed a significant relationship between tree DBH and slope and aspect factors. Trees with greater DBHs were seen on southerly aspects and on slopes <10°. Therefore, based on these results, the null hypothesis was rejected at the 1 % level of significance.
The effect of slope and aspect on DBHs of similar height trees in the 1977 and 2002 sites
The ANOVA results of the 1977 site showed a significant effect of aspect on DBH; however, slope and the interaction between slope and aspect were not significant.
In the 2002 site, unlike the 1977 site, slope and aspect did not show any significant relationship with DBH (Table 7) .
As mentioned previously, for both 1977 and 2002 sites, various height classes were defined. Figure 3 illustrates the predicted DBHs of trees, as obtained from the model, in each aspect and slope class. In the 1977 site, trees on the southerly aspects were seen to have greater DBHs. For the 2002 site, this trend was only seen in trees with heights less than 10.5 m, while taller trees (height >10.5 m) with greater DBHs were mainly found on the northern aspects. Amongst slope classification, in the 1977 site, trees within the same height category displayed greater DBHs at the steeper slopes; however, in the 2002 site, trees in slopes lower than 20°revealed higher mean DBHs. Although the DBH differences were usually not significant, with the exception of graph 4a, the graphs show the underlying trends in the data and the differences could be significant if more plots were surveyed. The mean DBHs of the tree height categories are shown in the "Appendix".
Discussion
Our study demonstrated that local slope and aspect had a significant influence on DBH in two even-aged stands of P. radiata with relatively homogeneous environmental factors i.e. similar climatic and edaphic conditions and tree genetics. Slope and aspect explained DBH variations in most of the trees in this study, wherein large DBH trees were common on gentle slopes (<20°) and on southerly aspects, while smaller trees were more frequent on slopes over 20°and on northerly aspects. The comparison of DBH values within height classes of the 1977 site also revealed the effect of aspect on DBH. The trees on northern aspects showed lower DBHs, while those on southern aspect displayed a larger DBH. Even though significant differences were not seen within most of the height categories, the trend clearly shows the effect of aspect and slope on DBH. Slope and aspect factors affect the amount of daily solar radiation as well as microclimate (Kumar et al. 1997 ). In addition, variable topography results in uneven availability of soil moisture and nutrients (Nevo 2001 ) and has been identified as a major driver of observed spatial variations in vegetation composition and structure (Chen et al. 2013) . The presence of larger diameter radiata trees on southern aspects at both sites suggests adequate light and water availability compared to the northern aspect. In the northern hemisphere, southerly aspects receive as much as six times more solar radiation than northerly aspects and therefore experience higher evapotranspiration, drier and warmer and more variable microclimatic conditions (Auslander et al. 2003) . Worrell and Malcolm (1990) reported that south-facing aspects in northern Britain were unfavourable for forest growth due to strong wind exposures and droughts. However, this trend is reversed in the southern hemisphere, where northerly aspects receive more solar radiation than southerly aspects (Kumar et al. 1997) .
Slope has also proven to act on dynamics and structure of forests such as tree growth, recruitment, competition and mortality (Robert 2003) . Li et al. (2006) reported lower loss of water and nutrient in flat and gentle slopes, while several other studies reported reduced growth rates and increased rates of tree mortality on steep slopes (>20°) (e.g. Ferry et al. 2010; Lee et al. 2004) . This is consistent with our results, where greater DBHs were seen on gentle slopes and southerly aspects (opposite of the northern hemisphere). In countries such as Australia and Chile, the availability of soil moisture is critical to growth performance, whereas in some regions of New Zealand, rainfall is non-limiting, but minimum temperatures have a greater influence on radiata growth. In our study, the two stands were at an elevation of approximately 1,250 m, with a mean annual rainfall of approximately 1,000 mm and without a distinct dry period. Nevertheless, the Hanging Rock plantation appears to have been subjected to periods of negative water balance, especially on the steeper slopes and northerly aspects, during the period since planting. The observed correlation in variation between tree DBH and LiDAR-derived slope and aspect identifies the potential of these two topographical variables as suitable spatially explicit attributes for improving efficiencies of DBH-derived inventory attributes as well as in the sampling design. The benefits of incorporating of topographic slope and aspect into growth modelling have been demonstrated for several commercial species but not P. radiata (e.g. Stage and Salas 2007) . Irrespective of the modelling approach taken, ground plots must represent the full range of variability of the inventory attributes of interest. The application of aspect and/or slope from a LiDAR DEM as a priori information to define strata within compartments would improve sampling efficiency and prediction accuracies of stand volume and biomass estimates. It is well established that LiDAR metrics derived from a CHM can be used to directly model these stand attributes (e.g. Gleason and Im 2012; Li et al. 2008 ); access to recent LiDAR coverage are not always available and hence the CHM becomes 'out-ofdate'. However, a highly detailed, bare earth DEM is available for continued use after the first LiDAR acquisition. Therefore, the use of slope and/or aspect derived from a LiDAR DEM as auxiliary variables may be a cheaper option for improving efficiencies in estimating volume or biomass in stands of P. radiata on varying topography. 
Conclusion
This study has shown that variation in individual P. radiata DBH is significantly influenced by local slope and aspect in a plantation on the northern tablelands of New South Wales. LiDAR DEM-derived aspect and slope can be easily attained and has accurate, high spatial resolution making it an excellent source of auxiliary information that can be used to improve the precision of stand inventory estimates (e.g. stand volume or biomass). Although DBH showed response to local topography, a similar evaluation needs to be done for tree heights to confirm the inclusion of these site parameters into a greater range of P. radiata allometric equations. Augmenting empirical stand growth models with environmental variables derived from GIS datasets have been commonly applied but at a relatively low spatial resolution (e.g. Woollons et al. 1997) . The novelty of this study is that we have used LiDAR to show that radiata trees respond through differences in stem diameter to microsite differences in slope and aspect. This level of precision may not be required for plantation-level evaluations but would beneficial when undertaking stand-level inventories. Burton P, Gurrin L, Sly P (1998) 
